We demonstrate the feasibility of a new type of electrostatic cylindrical analyzer terminated with plates with focus at 90°also in the presence of significant space charge. The transmission function is determined by numerical simulation of the trajectories after a full three-dimensional solution of the Poisson problem with boundary condition by an iterative finite difference algorithm. This device may allow a new generation of spin polarized electron energy loss spectroscopy experiments.
I. INTRODUCTION
Much effort has been devoted to optimization of the performance of electrostatic analyzers for high resolution electron energy loss spectroscopy ͑HREELS͒ 1-4 and now a spectrometer with resolution below 1 meV is commercially available ͑from SPECS, Omicron, LK-Technologies͒ 2 with a direct current at the detector of the order of pA. This spectrometer employs electrostatic cylindrical deflectors with a curved shape in the vertical plane terminated by equipotential frames and covered by equipotential top and bottom plates. The angular position of the focus is significantly different from that of the ideal cylindrical field, due to the fringe fields generated by the frames which close the entrance and exit of the device, to the presence of the cover plates and space charge. In particular while fringe fields tend to reduce the optimum deflection angle, space charge has the opposite effect. In the zero current limit the optimum deflection angle was found to fall below 110°while in the presence of space charge the best choice is an extended monochromator with deflection angle of 146°.
The latter geometry is excellent with respect to the focal properties which allow optimal performance for vibrational spectroscopy. It is however unsuitable for other applications. For spin polarized electron energy loss spectrometers ͑SPEELS͒ 5 measurements, e.g., the optimum deflection angle would be 90°since otherwise the polarization degree achieved with the photocathode would be spoiled. SPEELS was routinely performed with resolution of the order of 250-300 meV obtained by deflecting the beam 90°through a spherical deflector, whereas the reflected beam was analyzed with 180°analyzers. 6, 7 To our knowledge, the best reported resolution in SPEEL experiments to date is about 80 meV. 8, 9 A recent investigation 9 has shown that strong signatures of spin waves should appear for energy losses below 250 meV for ultrathin iron film and for Fe. A strong loss in the SPEEL spectrum at about 100 meV was indeed observed for Fe͑110͒. There has been some debate about the magnitude of the cross section of excitation of spin waves; 10, 11 and the intensity asymmetry due to the spin wave in the EEL spectrum was found to be several percent and the loss itself is of the order of 5ϫ10 Ϫ4 of the elastically scattered intensity in the specular direction. It is clear that the availability of a spin polarized electron beam with resolution of 10-30 meV would dramatically improve the possibility to investigate magnetic surfaces and open a new interesting promising area of research. We can argue that energy resolution of some 10-20 meV with current at the sample of about 0.01 nA is a reasonable lower bound to make spin wave investigations feasible.
For space charge reasons it is likely that larger monochromatic currents can be extracted using a cylindrical deflector instead of the spherical one used up to now, because of the possibility to tune the focal position with the potential applied to the top and bottom cover plates. We show here by numerical simulations of electron trajectories that, with an appropriate choice of the shape and size of the inner and outer electrodes, it is indeed possible to realize a compact cylindrical electrostatic deflector whose focus is at 90°with throughput currents of the order of 0.2 nA at 10 meV resolution.
II. NUMERICAL METHOD
In order to simulate the transmission of an electrostatic device it is necessary to determine the electric field vector by solving the three-dimensional ͑3D͒ Laplace problem with boundary conditions. We determined the potential using the finite difference method with the algorithm described by Ibach.
1 A 3D cylindrical mesh is used, with a feedback parameter of 1.8 in the iteration procedure, to speed up convergence. The potential is assumed to be converged when the difference between potentials of consecutive iterations falls below 10 Ϫ9 V. The electric field is then obtained from the potential at the nodes by second order interpolation. The trajectories are then calculated numerically for a large set of randomly generated initial conditions chosen to simulate the width s and the height h of the entrance slit and the angular acceptance of the beam in the horizontal (␣ϭ3°) and the vertical planes (␤ϭ4°). The quality of the results is tested by comparing the trajectories calculated with our self-built FORTRAN code to those obtained employing the commercial a͒ OPERA package. 12 The trajectories are the same within 0.01 mm, compared to a center path of radius 33.5 mm. Our software can be used only for a limited set of geometries of cylindrical symmetry, but is much faster than the commercial code and allows one to optimize the performance of the spectrometer by changing the values of the potential of the top and bottom plates. The cylindrical deflectors consist of inner and outer electrodes, of radius R int and R ext , respectively, to which a potential difference ⌬VϭV in -V out , with V in (V out ) the voltage at the inner ͑outer͒ electrode. The deflector electrodes have a curved shape in the vertical plane, whose radius of curvature is R D ͑see Fig. 1͒ . Two equipotential plates with entrance and exit slits ͑of height h and width s) and top and bottom covers close the device. Entrance and exit plates are at Vϭ 1 2 (V int ϩV out ). Compression voltage V C is applied to the upper and bottom cover plates to focus the electrons in the vertical plane. The plates are therefore biased at V P ϭV ϪV C . While ⌬V is fixed by the choice of the pass energy, V C is optimized in such a way that the difference between the radial output position r out of trajectories starting in the center of the entrance slit (R 0 ϭ33.5 mm), at energy corresponding to the maximum of the transmission function, entering at opposite angles with respect to the normal to the slit, is minimized. This operation corresponds to optimization of the focus. This procedure ensures that simulation of the transmission of the device is performed for the best focusing conditions for the given geometry of the analyzer. Different geometries were investigated to optimize the curvature C of the inner and outer electrodes. After an extensive investigation of different geometries, we focused our attention on the 90°device and we simulated its behavior also in the presence of space charge. Space charge was taken into account as follows. After solving the problem in the zero current limit, we calculate the trajectories of a bunch of electrons, with random initial positions (R 0 Ϫs/2Ͻr in ϽR 0 ϩs/2,Ϫh/2Ͻz 0 Ͻh/2) and angles (͉␣͉Ͻ3°,͉␤͉Ͻ4°) for a set of energies chosen to simulate a window distribution centered at the pass energy of the device and width equal to 0.2 eV, the usual value of the energy width of the distribution of electrons emitted by a photocathode. A routine evaluates the distribution of electron positions F(i, j,k) over all the volume elements (i, j,k), where the indices run on radial, tangential and vertical coordinates, respectively, and associates to each of them a space charge density (i, j,k) given by
where I is the total input current in the device, v the velocity of the electron and ⌬r and ⌬z the dimensions of the unitary volume. F(i, j,k) counts the number of particles in element (i, j,k); the sum at the denominator is needed for normalization, as it ensures that the total current is I over all sections in the r,z plane. This is correct if the number of electrons hitting the deflector plates is negligible, as it is under the conditions of the present simulation. After determining , the associated Poisson problem is solved by an iterative algorithm, a procedure similar to the one described in Ref. 
III. RESULTS

A. Zero current limit
In Fig. 2 we give the transmission function of three cylindrical deflector devices, optimized for deflection angles of 146°, corresponding to Ibach's design, 80°and 90°. The curvature of the electrodes in the vertical plane was chosen to optimize the focusing condition. The simulations correspond to the same ⌬V, while V C is optimized as discussed above. The 80°geometry was chosen to demonstrate that our 90°device can operate also in real conditions where space charge will displace the focal point to larger angles, thus approaching again the 90°geometry.
We note that ͑1͒ the transmission varies between 45 and 70%, with the 90°analyzer having the highest value; ͑2͒ the resolution is comparable for all devices; ͑3͒ the pass energy is largest for the 146°analyzer and lowest for the 80°analyzer.
A good figure of merit by which to compare different geometries is the performance, defined by
where I out is the output current and ⌬E the resolution. In the limit of zero current, space charge effects are negligible, and I out is directly proportional to the transmission T of the device. In Fig. 3 we show the performance as a function of the deflection angle of the cylindrical terminated analyzer, parametric in the curvature radius R D of the deflection electrodes and in the internal radius of the deflector R int . For construction convenience R 0 was chosen to be 33.5 mm with a channel of 40 mm for the 146°device so that R int ϭ20 mm and R ext ϭ60 mm. For the 90°device a larger channel width is necessary so that R int ϭ12 mm and R ext ϭ68 mm. The optimum deflection angle is thus larger when the channel between the internal and external deflectors is smaller, and vice versa. A larger channel width would improve the device and further reduce the deflection angle, but R int Ͻ12 mm would most probably lead to some mechanical problems in construction of the device. This effect is due to the increasing role of the fringing field of the entrance and exit plates, whose importance increases as the channel becomes larger.
Figure 3 also shows that the curvature radius of the deflector influences the performance of the analyzer. The effect on the optimum deflection angle is qualitatively explained by the fact that when R D is small, the channel between internal and external deflection plates is larger midplane than close to the top and bottom plates, thus behaving more or less as a straight deflector with a smaller width, characterized by a larger deflection angle. The effect on the value of the transmission and then of the performance is more subtle and is due to the tiny effects of the curvature of the deflection plates on the aberration coefficient, which ultimately determines the acceptance angle of the device. From Fig. 3 we can safely conclude that ͑1͒ the optimum deflection angle can be tuned to some extent by changing the internal and external radii and the curvature of the cylindrical deflectors; ͑2͒ good performance can be obtained for the 90°geometry also.
More insight into the behavior of the deflector can be gained by explicitly computing the aberration coefficient defined above and by comparing the results with those found for the 146°deflector. In a similar way to C ␣ we can also define C ␤ , which is computed for trajectories entering at r ϭR 0 with ␣ϭ0 but with a component of the velocity in the direction normal midplane, so that the velocity vector forms an angle ␤ with the horizontal plane. Figure 4 shows the radial coordinate at the exit slit as a function of the entrance angle ␣ for initial radial coordinates corresponding to the center of the entrance slit (R 0 ) and to its inner and outer edges R 0 Ϯs/2, the z coordinate being 0 as well as the angle ␤. The behavior of trajectories entering the device at nonnormal incidence in the horizontal and vertical planes is described by aberration coefficients C ␣ and C ␤ for the horizontal and vertical planes, respectively. The former coefficient is defined by
and is obtained by fitting the data using C ␣ as a best fit parameter. A similar definition holds for C ␤ . We can see that C ␣ is lower for the 146°deflector and we also have an immediate feeling that the performance is limited by trajectories at the edge of the entrance slit, which are partially lost. Curves similar to those shown in Fig. 4 can also be computed for angle ␤, thus yielding C ␤ , and for different geometries. Figure 5 shows C ␣ , C ␤ , and their average value for the 146°and the 80°deflectors as a function of the vertical curvature C. We note that for the 146°deflector the aberration coefficients obtained are quite close, although not exactly coincident, to those reported in Ref. 2. The difference probably arises from details of the method employed to simulate the curved shape of the inner and outer electrodes. However the only relevant difference is that the optimum curvature comes out to be slightly lower than the one suggested by Ibach, leaving all other conclusions unaffected. We can see that while for the 146°deflector there is a curvature for which C ␣ and C ␤ assume the same value, which means that in the center plane the focus is symmetric around the axis normal to the exit slit, in the 80°device, the ␤ angle is much less critical than ␣, and the device is less affected by divergence of the beam in the vertical plane. The behavior of devices of the same size having deflection angles of 85°and 87°is similar, with the modulus of C ␤ lower than that of C ␣ .
A more detailed inspection of some particular trajectories is shown in Fig. 6 . We see that the 90°device has focus in the horizontal plane ͑lower panel͒ but not in the vertical one ͑upper panel͒. The vertical component of the initial velocity is strongly reduced at the exit slit so that the device supplies an almost parallel beam. This behavior is qualitatively different from that of the 146°deflector, which has focus also in the vertical plane, as was shown in Ref. 2 and confirmed by our simulations ͑not shown͒. The peculiar behavior of the 90°device is in agreement with the small modulus of C ␤ . These considerations provide a semiquantitative determination of the behavior of the device and allow a comparison with the existing 146°electrostatic selector design.
B. Effect of space charge
Let us first consider the 80°deflector. The transmission was shown earlier in Fig. 2 . For this simulation we take a larger pass energy, chosen in such a way that the energy resolution is of the order of Ϸ10 meV, a good target for SPEEL spectrometers which are operated presently at resolutions not better than 80 meV. The starting conditions are taken from the 80°deflector. The output position, r out , is computed versus the entrance angle ␣ at the pass energy. The result is shown in Fig. 7 ͑thin continuous line ϭ80°, I ϭ0). The corresponding transmission is shown in Fig. 8 : its maximum value is similar to that found at lower pass energy ͑see Fig. 2͒ while the full width at half maximum is larger. If we now increase the deflection angle to 90°, as required for SPEELS applications, while keeping all the potentials fixed at the values which optimize transmission for the 80°device, we find that the focus no longer coincides with the exit slit of the 90°device. This effect is evident from the trajectories shown in Fig. 9 . The plot of r out vs ␣, shown in Fig. 7 ͑thick continuous line͒, confirms this finding and the transmission function ͑Fig. 8͒ is quite broad and asymmetric. We now start to feed current into the device: for Iϭ9 nA an acceptable focus is obtained while for higher I the quality of the focus is again degraded. For Iϭ9 nA, the transmission is again narrow and symmetric, and its width at half maximum is about 10 meV. Further inspection of the trajectories ͑Fig. 9͒ confirms these conclusions and elucidates one of the factors which limits the transmission. Trajectories starting at the upper edge of the exit slit are slightly deflected in the vertical direction, reaching the exit slit at a distance from midplane larger than the slit half height. The performance cannot be improved by increasing the compression voltage, because the gain in transmission due to the recovery of some electrons leaving at the upper edge of the slit is overcompensated by the loss of electrons midplane, due to the lower quality of the midplane focus. Since the energy width of the entrance beam is about 0.2 eV, the output current i out ϷIT max (⌬E out /⌬E in ) ϭ0.2 nA. This current should permit one to acquire spectra with about 10 7 counts/s in the reflected beam, thus allowing the detection of spin waves as suggested in Refs. 9 and 11, without the need for much higher currents being required to perform spin resolved detection in a Mott detector after scattering from the sample.
IV. DISCUSSION
After demonstrating the feasibility of a cylindrical deflector with focus at 90°, let us discuss the advantages and the drawbacks of such a design. The main drawback is that for given ⌬V, the pass energy of the 90°deflector is much smaller than that of a similar device with focus at 146°. Since the energy resolution ⌬E ͑full width at half maximum͒ is determined by ⌬V, the result is that at a given resolution, the 90°device operates at a much smaller pass energy than the device with focus at 146°. The 90°device is thus more sensitive to spurious potentials that arise from electrode nonuniformity, stray magnetic fields and so on, and, even more important, it is more affected by space charge than the larger deflection angle device.
For nonspin resolved spectrometers, the choice of a device with focus at 146°is then strongly recommended, especially for the monochromator, where space charge effects are relevant, whereas the square angle deflection device can be still used as the analyzer, the main advantage being its smaller size.
The 90°degree deflector is, on the other hand, a compelling choice when one wishes to monochromatize spin polarized electrons. Photocatodes illuminated by circularly polarized light produce electrons with spin anisotropy in the vertical direction, i.e., along the electron emission trajectory. If such a beam is deflected 90°such anisotropy is conserved and yields spin polarization orthogonal to the beam direction. If the electrons are emitted with the spin vector S aligned in the direction of the velocity v, they enter the 90°device normal to the entrance slit and the beam comes out after turning 90°, with S in the same direction it was at the entrance, i.e., parallel to the exit slit.
The calculations demonstrate that input current of 9 nA can successfully feed the 90°deflector and yield a monochromatic beam current of 0.2 nA with 10 meV resolution. This result is worse than that obtained with the 146°deflec-tor, which is thus favored when operating with nonpolarized electrons, but is much better than that presently achieved with existing SPEEL spectrometers.
It is, moreover, possible to further increase the output current at the price of poorer resolution than that obtained by selecting a larger pass energy. Our simulations yields focus at 90°with an input current of 30 nA and a resolution of 30 meV. The output current is then of the order of 2 nA.
We finally note that even higher performance can probably be reached by increasing the channel width in such a way that the optimum focus in the zero current limit falls below 80°, thus leaving further space for a shift upward in the angular position of the focus induced by space charge.
In conclusion, we investigated the transmission and the performance of several cylindrical devices in the zero current limit by simulating trajectories with a full 3D solution of the Laplace ͑Poisson͒ equation with boundary conditions and optimization of the voltages in the zero ͑nonzero͒ current limit. We found the following.
͑1͒ Focus can be obtained over a wide range of angles from 80°to 146°by appropriate choice of the internal and external radii of the deflectors, of their curvature in the vertical plane and adequate compression voltages. ͑2͒ It is possible to realize a device having a deflection angle of 90°with a very high performance. This device has a slightly larger aberration coefficient in the horizontal plane but a smaller aberration off plane. Due to the absence of focusing in the vertical direction it provides a beam with limited divergence in the vertical plane. ͑3͒ The device operates at a lower pass energy than a 146°d evice with the same energy resolution and is thus much more sensitive to space charge. However it provides a better solution than the spherical deflectors employed in SPEELS up to now, because it preserves the possibility to tune the focus at the exit slit by acting on the compression voltage. ͑4͒ Our simulations indicate that in presence of space charge the focus shifts toward larger angles thus implying that the 90°device can be also used as a monochromator ͑when significant current is feeded into the device͒ and not only as an analyzer ͑which usually operates in the zero current limit͒. Current at the sample of about 0.2 nA can be reached with 10 meV resolution.
